Motor skill learning is one of the key components of motor function recovery after stroke, especially recovery driven by neurorehabilitation. Transcranial direct current stimulation can enhance neurorehabilitation and motor skill learning in stroke patients. However, the neural mechanisms underlying the retention of stimulation-enhanced motor skill learning involving a paretic upper limb have not been resolved. These neural substrates were explored by means of functional magnetic resonance imaging. Nineteen chronic hemiparetic stroke patients participated in a double-blind, cross-over randomized, sham-controlled experiment with two series. Each series consisted of two sessions: (i) an intervention session during which dual transcranial direct current stimulation or sham was applied during motor skill learning with the paretic upper limb; and (ii) an imaging session 1 week later, during which the patients performed the learned motor skill. The motor skill learning task, called the 'circuit game', involves a speed/accuracy trade-off and consists of moving a pointer controlled by a computer mouse along a complex circuit as quickly and accurately as possible. Relative to the sham series, dual transcranial direct current stimulation applied bilaterally over the primary motor cortex during motor skill learning with the paretic upper limb resulted in (i) enhanced online motor skill learning; (ii) enhanced 1-week retention; and (iii) superior transfer of performance improvement to an untrained task. The 1-week retention's enhancement driven by the intervention was associated with a trend towards normalization of the brain activation pattern during performance of the learned motor skill relative to the sham series. A similar trend towards normalization relative to sham was observed during performance of a simple, untrained task without a speed/accuracy constraint, despite a lack of behavioural difference between the dual transcranial direct current stimulation and sham series. Finally, dual transcranial direct current stimulation applied during the first session enhanced continued learning with the paretic limb 1 week later, relative to the sham series. This lasting behavioural enhancement was associated with more efficient recruitment of the motor skill learning network, that is, focused activation on the motor-premotor areas in the damaged hemisphere, especially on the dorsal premotor cortex. Dual transcranial direct current stimulation applied during motor skill learning with a paretic upper limb resulted in prolonged shaping of brain activation, which supported behavioural enhancements in stroke patients. Keywords: motor skill learning; stroke; fMRI; neurorehabilitation; tDCS Abbreviations: damH = damaged hemisphere; DCS = direct current stimulation; MaxHF = maximal hand force; NIBS = noninvasive brain stimulation; PMd = dorsal premotor cortex; PFC = prefrontal cortex; PPC = posterior parietal cortex; SAT = speed/ accuracy trade-off; SMA = supplementary motor area; undamH = undamaged hemisphere
Introduction
Stroke is a devastating pathology that causes restrictions in daily life activities, such as motor limitations due to upper limb hemiparesis in a majority of patients (Lai et al., 2002; Kwakkel et al., 2003) . Neurorehabilitation aims to improve residual motor function and restore independence, but its impact is still limited. Hence, innovative strategies for enhancing neurorehabilitation have been developed, including non-invasive brain stimulation (NIBS) techniques such as transcranial direct current stimulation (DCS) (Hummel and Cohen, 2006; Madhavan and Shah, 2012) . NIBS can modulate transiently brain excitability and behaviour in healthy individuals, as well as in stroke patients (Hummel and Cohen, 2006; Vines et al., 2008; Madhavan and Shah, 2012) . Pilot experiments have shown that NIBS has the potential to enhance neurorehabilitation (Boggio et al., 2007; Lindenberg et al., 2010; Bolognini et al., 2011) . Upon which neural substrates NIBS acts in the brains of stroke patients and how exactly NIBS modulates brain activity is still poorly understood.
Researchers started to explore the neural substrates associated with the enhancement of neurorehabilitation interventions by NIBS with functional MRI Nair et al., 2011; Yamada et al., 2013) . Typically, over a period of several days, hemiparetic stroke patients received occupational therapy coupled with real or sham NIBS; functional MRI data were acquired before and after the therapy programme. Motor performance enhancement of the paretic upper limb after neurorehabilitation with NIBS was associated with a reorganization of the functional MRI pattern, namely a transfer of brain activation from a bilateral network towards the ipsilesional sensori-motor-premotor areas Nair et al., 2011; Yamada et al., 2013) . Recently, Stagg and collaborators (2012) explored the brain activation associated with the after-effects of transcranial DCS in chronic stroke patients performing a simple response time task. Immediately after applying anodal transcranial DCS over the primary motor cortex in the damaged hemisphere (M1 damH ), improved performance was associated with increased activation in M1 damH and the supplementary motor area (SMA damH ), as well as increased activation bilaterally in the dorsal premotor cortex (PMd). Furthermore, after applying cathodal transcranial DCS over M1 in the undamaged hemisphere (M1 undamH ), activation was increased contralaterally in PMd damH and SMA damH as well as bilaterally in M1 (Stagg et al., 2012) .
In these pioneer studies, the tasks used to elicit brain activation were, for obvious practical reasons, relatively simple (e.g. repetitive fingers/elbow/wrist flexion/extension, simple reaction time task). These tasks are distinct from the scales commonly used to quantify motor impairment and recovery [i.e. the modified Rankin Scale, National Institutes of Health Stroke Score (NIHSS), Fugl-Meyer assessment, Action Research Arm Test, Barthel index, etc. (Kasner, 2006) ]. Furthermore, during neurorehabilitation interventions, the stroke patients were not trained specifically to perform the functional MRI tasks. Therefore, these functional MRI tasks represent a generic exemplification of the overall improvement of paretic upper limb function. From a clinical point of view, such a transfer from neurorehabilitation interventions towards generic enhancement of motor control in the paretic upper limb is both highly satisfactory and promising. However, the specific components underlying neurorehabilitation-induced enhancements are still poorly understood.
Overall, post-stroke motor recovery driven by neurorehabilitation relies most obviously on restored muscle strength, reduced spasticity, increased endurance, resolution of metabolic events in the (sub)acute stroke phase, and neural plasticity (i.e. reorganization of the spared neuronal networks and connections). However, beyond these crucial components, any lasting improvement gained through training and experience (e.g. through neurorehabilitation) depends necessarily upon long-term motor memory retention. To some extent, recovering from hemiparesis can be conceptualized as a particular form of motor learning; in other words, learning to use the reconfigured motor network to optimize planning, execution, and control of movement with the affected limb. The idea that motor skill learning plays a central role in post-stroke motor recovery is becoming a focus of interest in neurorehabilitation (Matthews et al., 2004; Krakauer, 2006; Dipietro et al., 2012; Kitago and Krakauer, 2013) . Motor skill learning is defined as a practice-dependent motor performance improvement that persists over time; it is characterized by a shift in the speed/accuracy trade-off (SAT), some degree of automatization, and a reduction in variability (Reis et al., 2009; Dayan and Cohen, 2011; Krakauer and Mazzoni, 2011) .
It was demonstrated recently that NIBS can enhance online motor skill learning and overnight retention in stroke patients (Meehan et al., 2011a; Zimerman et al., 2012) and, more importantly, long-term retention of a motor skill involving a SAT (Lefebvre et al., 2013a) . The demonstration that NIBS enhances motor skill learning and its long-term retention in stroke patients establishes a crucial link between bench observations [transient enhancement of motor function Lefebvre et al., 2013b) ] and clinical implementation [enhanced neurorehabilitation Nair et al., 2011; Yamada et al., 2013) ]. The science of neurorehabilitation will be advanced by elucidation of how NIBS boosts the effects of neurorehabilitation (i.e. through enhanced motor skill learning), and which neural substrates underlie (i) specific motor skill learning; and (ii) generic improvement.
Studies of the neural substrates underlying motor skill learning in healthy subjects have demonstrated activations in a network encompassing M1, SMA, premotor cortex, the dorsolateral prefrontal cortex (PFC), the cerebellum, and the basal ganglia (Karni et al., 1995; Halsband and Lange, 2006; Lefebvre et al., 2012; Hardwick et al., 2013) . Based on recent concepts in motor learning, we designed a motor skill learning paradigm involving a SAT and demonstrated that efficient motor skill learning, characterized by a shift of this SAT, depends upon recruitment of the SMA in healthy individuals (Lefebvre et al., 2012) .
The few studies that have explored the neural substrates of motor skill learning after stroke have shown a decreased activation in the undamaged hemisphere and an increased specific activity in the damaged hemisphere compared to pre-training activation (Carey et al., 2002; Boyd et al., 2010; Bosnell et al., 2011; Meehan et al., 2011b) . Also, motor skill learning in chronic stroke patients induced a recruitment of additional areas compared to healthy individuals, such as dorsolateral PFC (Carey et al., 2002; Boyd et al., 2010; Bosnell et al., 2011; Meehan et al., 2011b) . The network activated while learning with the paretic upper limb a motor skill involving a SAT has been described only recently (Lefebvre et al., personal communication) ; it seems that efficient motor skill learning relied upon the recruitment of the PMd damH in chronic stroke patients (S. Lefebvre, personal communication) .
A finer knowledge of the neural substrates underlying motor learning in stroke patients and the neural substrates upon which NIBS acts to enhance neurorehabilitation and motor learning after stroke is of key importance for the implementation of NIBS in routine clinical practice. The aim of the present study was to explore by means of functional MRI the neural substrates underlying the long-term retention of specific motor skill enhancement driven by motor skill learning with a paretic upper limb under dual-transcranial DCS versus sham (intervention), generic enhancement of untrained movements performed with the paretic limb, and continued motor skill learning 1 week post-intervention.
Materials and methods

Population
Nineteen chronic stroke patients provided written informed consent and were included in this study, which was conducted according to the recommendations of the Declaration of Helsinki after being approved by the local Ethical Committee (Comité d'éthique médicale, CHU Dinant Godinne UcL Namur). The inclusion criteria were: (i) being a chronic (46 months) stroke patient aged 18-80 years; (ii) presenting with a chronic motor deficit in an upper limb; and (iii) having a vascular brain lesion demonstrated by cerebral imaging ( Supplementary Fig. 1 ). The exclusion criteria were: (i) having a contraindication to MRI or to transcranial DCS; (ii) being unable to perform the task or to understand instructions; (iii) suffering from epilepsy, alcoholism, cognitive impairment, or a psychiatric disorder; and (iv) being pregnant. Each patient's impairment was evaluated upon enrolment by means of the Purdue Pegboard Test (Tiffin and Asher, 1948) , a maximal hand force (MaxHF) assessment with a whole-hand Jamar dynamometer, manual ability with the ABILHAND scale (Penta et al., 2001) , and the NIHSS (Kasner et al., 1999) . Overall degree of disability was determined with the modified Rankin Scale (Bonita and Beaglehole, 1988) (Supplementary Table 1 ). With the exception of Patient 8, all of the patients participated in a motor skill learning study within a single functional MRI session (without transcranial DCS), at least 1 week before the intervention (S. Lefebvre, personal communication) . Four patients (Patients 2, 3, 4 and 8) participated in a study exploring the impact of a single session of dual-transcranial DCS on precision grip and dexterity, a year or more prior (Lefebvre et al., 2013b) .
Study design
The stroke patients participated in a crossover experiment with two series. Each series consisted of two sessions: (i) an intervention session during which dual-transcranial DCS or sham was applied during motor skill learning of the paretic upper limb (using a double-blind, crossover randomized method); and (ii) an imaging session 1 week later (retention session), during which the patients performed the learned motor skill. The retention session permitted the exploration of the mean overall level of motor performance retention. Because, during the retention session, the stroke patients performed eight blocks of the circuit learned 1 week before, the performance evolution during this session was also analysed as continued learning. The general design was similar to our previous study exploring the impact of dual-transcranial DCS on motor skill learning in chronic hemiparetic stroke patients (Lefebvre et al., tDCS, fMRI and motor learning in stroke BRAIN 2015: 138; 149-163 | 151 by guest on October 6, 2016 http://brain.oxfordjournals.org/ 2013a), except that in the current study the intervention sessions were performed in the supine position with the circuit projected on the ceiling, to accommodate the patient's position in the MRI scanner 1 week later during the retention session (Fig. 1) .
Motor skill learning intervention with dual-transcranial DCS and sham
An Eldith DC-Stimulator Õ (NeuroConn) was used to deliver dual-transcranial DCS using two soaked (NaCl 0.9%) electrodes (35 cm   2 ). The anode electrode was positioned over the ipsilesional M1 and the cathode electrode over the contralesional M1. The localization of both M1s was determined using a Magstim 200 2 (Magstim Company) with a figure-of-8 coil. Dual-transcranial DCS at 1 mA was applied over 30 min. For sham, a short current up-ramp (8 s fade-in) was followed by 30 s of direct current to induce similar scalp sensations, then by 8 s of current fade-out. This technique of stimulation was used in our previous study (Lefebvre et al., 2013a) .
The motor skill learning paradigm (circuit game and its analysis) has been described in detail elsewhere (Lefebvre et al., 2012 (Lefebvre et al., , 2013a . Briefly, the circuit game consisted of moving a cursor with magnetic resonance compatible mouse held by the paretic hand along a complex path as quickly and accurately as possible with visual feedback. Velocity and error (the surface area between the actual trajectory and the ideal trajectory) were averaged across 3-s bins, resulting in 10 values for each 30-s training block. Movement and speed are reported in arbitrary grid unit (u) as u/s for velocity and u 2 for error. Normalized mean error (P e = constant error/subject mean error) and normalized mean velocity (P v = subject mean velocity/constant velocity) were used to compute performance index (PI) values, which increase when the error is reduced and/or when the velocity is increased (PI = P v Â P e ). The evolution of motor skill learning (i.e. of the SAT) was quantified by a learning index {LI = [(PI À PI Baseline )/PI Baseline ] Â 100}, with baseline being the first block of training (Supplementary material).
During functional MRI scanning, the stroke patients performed two runs of the circuit game learned 1 week before. First, the amount of motor skill retention 1 week after the intervention (overall mean learning index of each retention session = Run 1 + 2) was compared between dual-transcranial DCS and sham series with paired sample t-tests. Second, continued learning (i.e. retraining on the circuit learned 1 week before during the intervention) was evaluated in terms of performance evolution during the functional MRI sessions. To quantify continued learning, the learning index was recalculated using the first circuit block of Run 1 as the new baseline, separately for each functional MRI session.
In addition, during functional MRI acquisition the patients also performed an untrained Easy condition (see below) during which they moved the cursor back and forth at a comfortable speed between two horizontal or vertical targets, without speed or accuracy constraints. During Easy, the number of movements (total 
Functional MRI design, acquisition and preprocessing
The functional MRI sessions consisted of one habituation run (2 min 40 s; four blocks of practice on a simple square circuit alternating with four blocks of rest) and two runs of the circuit learned the previous week (i.e. during the intervention sessions) ( Fig. 1 ) (8 min 41 s, 172 scans). Each run contained three conditions which occurred four times each: (i) Learning (performing the learned circuit as quickly and accurately as possible); (ii) Easy (simple motor condition without speed or accuracy constraints); and (iii) Replay (visual-visuomotor condition: with a video clip of the last Learning performance displayed, patients were instructed to follow the cursor's displacement with their eyes while keeping their hands motionless). The practice blocks were separated by rest blocks during which a fixation cross was visible.
The images were acquired with a 3-T scanner attached to a 32-channel head coil (Siemens Verio). Functional MRI scans were acquired by repeated single-shot echo-planar imaging with the following parameters: repetition time = 3000 ms, echo time = 23 ms, flip angle = 90 , matrix size = 64 Â 64, field of view = 220 Â 220 mm 2 , slice order descending and interleaved, slice thickness = 2 mm (no gap) and number of slices = 59 (whole-brain). A 3D T 1 -weighted data set covering the whole brain was acquired (1 mm 3 , repetition time = 1600 ms, echo time = 2.39 ms, flip angle = 9 , matrix size = 512 Â 512, field of view = 256 Â 256 mm 3 , 176 slices, slice thickness = 1 mm, no gap).
Functional MRI data were preprocessed and analysed with BrainVoyager QX (Version 2.4.2.2070) software; the data were processed as described previously (Lefebvre et al., 2012; S. Lefebvre, personal communication) , except that for patients with stroke lesions on the right side of the brain, the 3D-T 1 and functional data were flipped: the 3D-T 1 by flipping the x-axis and the functional data by flipping the data horizontally. Briefly, the preprocessing of the functional data consisted of a slice-time scan correction, temporal high-pass filtering, and 3D motion correction. A general linear model was used to analyse the functional MRI data. Co-registrations between functional runs and 3D-T 1 weighted scans of each patient were performed automatically, and corrected manually when careful visual inspection identified imperfect co-registration. All anatomical and functional volumes were normalized in talairach space (Talairach, 1988) to allow group analysis. Functional runs were smoothed in the spatial domain with a 5-mm Gaussian filter.
Functional MRI processing
Whole-brain ANOVA A whole-brain two-factors ANOVA using condition estimates (beta values) from a first-level random effect general linear model analysis constructed with 76 runs (19 stroke patients, two retention sessions with two runs each) was performed to directly compare the activation associated with motor skill retention between each intervention [first factor: functional MRI conditions (Learning, Easy and Replay), second factor: Intervention (1 week after dual-transcranial DCS or sham)].
Whole-brain random effect
Three whole-brain random effects were constructed and included the 19 stroke patients. The first random effect involved the two retention sessions and was used in the ANOVA and for the regions of interest analyses. The two others random effects were computed for each session separately and also used for regions of interest analyses. The brain activation associated with each condition was explored at the whole-brain level using the following contrasts for the three random effects: (i) [LEARNING] reflecting all the activation while performing the retained motor skill; (ii) [EASY] reflecting the neural substrates underlying the performance of simple, untrained movements performed with the paretic upper limb without SAT constraint; (iii) [REPLAY] reflecting visual and oculomotor activation elicited by looking at the video sequence of the last LEARNING block, while keeping the hand still; and (iv) [LEARNING -REPLAY] reflecting the activation of motor skill performance minus the activation relative to visualoculomotor activity; highlighting the brain activation specifically dedicated to motor skill performance during retention
Region of interest analyses Effect of intervention
To better understand the effect of intervention, for each region of interest found activated in the contrasts obtained with the random effect involving both sessions, the mean beta weights were extracted (one averaged beta weigh per condition and per retention session for each patient) and directly compared between the two retention sessions by means of paired Student t-tests.
Correlations analysis with motor skill retention
In the regions of interest with significant activation found in the two separate random effects (one for each intervention), Pearson correlation analyses were performed to identify the area(s) whose activation correlated most strongly with retained motor skill performance. For this analysis, the learning indices of each patient were averaged across the two runs (overall mean learning index, reflecting the general level of performance of the retained motor skill) and correlated with the mean beta weights of the condition of interest for each stroke patient across the two runs. The [LEARNING -REPLAY] was the contrast of interest for this analysis comparing the two retention sessions; a complementary region of interest analysis was performed on [REPLAY] .
Individual contribution of each patient to the main (whole-group) pattern The following predefined regions of interest were drew bilaterally in Talairach space: using both the Talairach Daemon [http://www.talairach.org (Talairach, 1988) ] and the third edition of the 'Atlas Of the Human Brain' (Mai et al., 2007) : M1, PMd, primary somatosensory cortex (S1), posterior parietal cortex (PPC), dorsolateral PFC, visual areas; based on Picard and Strick (2001) for SMA proper and pre-SMA; and cerebellum. These regions of interest were used to explore the individual contribution of each patient to the main (whole-group) pattern: the numbers of activated voxels with an uncorrected P-value of 0.05 (in order to reveal all areas involved) were counted inside each region of interest for [EASY] , [REPLAY] and [LEARNING À REPLAY] . Each stroke patient was compared between the retention sessions for each predefined region of interest with paired Student t-tests.
Continued learning
Finally, the brain activations associated with continued learning were explored in three steps using the two separate wholebrain random effect analyses, including only the patients who achieved learning. For each session, a conjunction analysis ([LEARNING -REPLAY] \ [LEARNING -EASY]) was performed to explore the activation common to both contrasts. Then, Pearson correlation analyses were performed between the evolution of the beta weights and that of the learning index values and performance index values in the regions of interest obtained with the conjunction analysis at each functional MRI session.
Results
Behaviour
Compared to the sham procedure, dual-transcranial DCS improved both the magnitude (Fig. 2 , Supplementary material and Supplementary Fig. 2 ) and the quality of motor skill learning with the paretic arm (Supplementary material and Supplementary Fig. 3 ). The overall mean learning index 1 week after dual-transcranial DCS [52% AE 29, mean AE standard deviation (SD)] was statistically superior to that observed after the sham procedure [12% AE 20, t(18) = 3.57; P = 0.002; Cohen's d effect size (d) = 1.61] (Fig. 2) Whole-brain ANOVA
Main effects
The whole-brain ANOVA presented significant effects of the two factors and mainly their interaction [at q(False Discovery Rate) = 0.05: functional MRI Figure 2 Differential evolution of motor skill learning under sham and dual-transcranial DCS. Evolution of learning index, expressed as a %, change from baseline during the intervention session (baseline, training, after 0 min, 30 min and 60 min) and 1 week later (overall learning index during the functional MRI session). The learning index is plotted as means AE SDs of five consecutive blocks of the circuit game, except for the functional MRI retention session for which the overall learning index is plot as means AE SD of the eight blocks. Insert: Continued learning is plotted as the learning index evolution compared the first block of the functional MRI session ('new baseline'). Numbers on the x-axis refer these blocks. Open triangles = sham; filled squares = dual-transcranial DCS. *P 5 0.05, **P 5 0.01, ***P 5 0.001. See Supplementary Fig. 2 for more details. LI = learning index; fMRI = functional MRI.
conditions: F(2.72) = 3.63; interventions: F(1.36) = 6; interaction: F(2.72) = 3.63].
Post hoc analyses
The post hoc analyses contrasted interventions for each functional MRI condition. There was no significant difference between the two interventions for [REPLAY] [t(74) = 2.30; q(FDR) = 0.05]. With [LEARNING] and [EASY] , several areas were more activated during the retention session 1 week after sham compared to dualtranscranial DCS [t(74) = 2.30, Table 1 ]. By contrast, no area was more activated during the retention session 1 week after dual-transcranial DCS compared to sham at the same t.
Whole-brain random effect
The whole-brain activation patterns found with the three random effect analyses are shown in Fig. 3 . As can be visually appreciated and as found with the ANOVA, the activation patterns were more widespread in both hemispheres 1 week after sham compared to dual-transcranial DCS.
With the first random effect (two sessions together), significant activation was found for [LEARNING] The visual inspection of the separate random effect on Fig. 3 also confirmed that brain activation was both less bilateral and more restricted spatially in the motor/ premotor network 1 week after dual-transcranial DCS compared to sham ( Table 2) . As demonstrated by the ANOVA, the activation pattern seemed to be similar between the two sessions for [REPLAY] . Correlations with retention: regions of interest found with the two separate random effect A week after sham, a significant correlation between the overall mean learning index and mean beta weights of [LEARNING -REPLAY] for each patient was observed exclusively in M1 undamH (r = 0.61, P = 0.005). By contrast, 1 week after dual-transcranial DCS, there was a significant correlation only in PMd damH (r = 0.63, P = 0.004). There were no statistically significant correlations between overall mean learning index and mean beta weights of the regions of interest activated with [REPLAY] .
Individual contribution of each patient to the main (whole-group) pattern
For each patient and each session separately, the numbers of activated voxels in [EASY] , [REPLAY] and [LEARNING -REPLAY] were counted in all the brains, in the right and left hemispheres separately, and in each predefined region of interest with an uncorrected P-value of 0.05 (to reveal all the involved areas).
For [EASY] , despite the fact that the kinematic parameters did not differ significantly between the sessions, at the whole-brain level, the number of activated voxels 1 week post-intervention was greater after sham [t(18) = 2.11; P = 0.049; d = 0.47 versus dual-transcranial DCS] ( Supplementary Fig. 4) . One-week after sham, functional MRI activation in the damaged hemisphere showed a trend of being more widespread than after dual-transcranial DCS [t (18) The damaged hemisphere is on the right. Easy and Replay conditions evoked more consistent activation than the Learning condition. In fact, during Easy, the patients performed similar and consistent movements, associated with a larger amount of consistent brain activation. During Replay, as no movement was performed, the blood oxygen level-dependent signal observed was minimally contaminated by motion artefacts and resulted thus in higher levels of brain activation. tDCS = transcranial DCS.
( Supplementary Fig. 4 ). There were no significant differences in the other regions of interest.
With [REPLAY] , the number of activated voxels did not significantly differ between the two functional MRI sessions.
As shown in Supplementary Fig. 5 , with [LEARNING -REPLAY] the number of activated voxels at the wholebrain level was greater 1 week after the sham intervention Fig. 5 ). There were no significant differences in the other regions of interest between the two interventions.
Continued learning
Only the patients who achieved continued learning 1 week after intervention were included in this analysis separately for each session (dual-transcranial DCS n = 16, sham n = 13) (Supplementary material). An ANOVA exploring the effects of stimulation and time (Blocks 1-8) on the learning index evolution during the continued learning period showed a significant effect of stimulation [F(1) = 6.47; P = 0.01; dual-transcranial DCS versus sham], demonstrating that dual-transcranial DCS enabled patients to achieve greater continued motor skill learning, compared to the sham intervention, and a significant effect of time [F(7) = 4.63; P 5 0.001], showing that the cohort of stroke patients improved generally in both series. There was no Stimulation Â Time interaction.
Conjunction analysis
The conjunction analysis ([LEARNING -REPLAY] \ [LEARNING -EASY]) demonstrated that 1 week after
sham, a widespread network including the bilateral M1, S1 and the parietal cortex was implied in continued learning (Fig. 4 and Table 3 ). In contrast, 1 week after dualtranscranial DCS, significant brain activation was observed exclusively in PMd damH. cortex damH [learning index: r = 0.85, P 5 0.01, performance index: r = 0.85, P 5 0.01], S1 damH [learning index: r = 0.73, P = 0.04, performance index: r = 0.69, P = 0.05]. By contrast, a week after dual-transcranial DCS, a statistically significant positive correlation between the learning index or performance index and the beta weights of the activated regions of interest was found exclusively for PMd damH [learning index: r = 0.72, P = 0.04, performance index: r = 0.81, P = 0.02].
Correlation analysis
Discussion
The present study showed that, compared to the sham procedure, dual-transcranial DCS (i) enhanced online motor skill learning with the paretic upper limb in chronic hemiparetic stroke patients; (ii) induced a transfer of performance improvement to an untrained task; and (iii) translated online improvement more successfully into long-term retention of the motor skill.
In the dual-transcranial DCS series, the enhanced retention of the motor skill learned 1 week prior was associated with lesser activation in both hemispheres compared to the sham series, especially in the premotor/motor areas of the damaged hemisphere (e.g. in PMd damH ).
The kinematic parameters of simple untrained movements with the paretic limb (without a SAT constraint) 1 week after the intervention did not differ between the sham and dual-transcranial DCS interventions. However, functional MRI activation was strikingly focused (i.e. less widespread) after dual-transcranial DCS, especially in the premotor/motor areas of both hemispheres.
Finally, compared to the sham intervention, dual-transcranial DCS applied during a first session of motor skill learning enhanced continued learning with the paretic upper limb 1 week later. This lasting behavioural improvement was associated with more efficient recruitment (see below) of the motor skill learning network after dual-transcranial DCS-that is, a focusing of activity within the motor-premotor areas of the damaged hemisphere, especially PMd damH .
Neural substrates underlying the retention of dual-transcranial DCS enhanced motor skill performance
This study confirms, in a new cohort of stroke patients, our previous observation that dual-transcranial DCS enhances not only online motor skill learning with the paretic upper limb, but also improves long-term retention of the learned motor skill (Lefebvre et al., 2013a) . The retention level of the learned motor skill was strikingly comparable across the two studies: mean learning index values 1 week after the sham intervention were 12% in the present study (n = 19) and 6% in the previous study (n = 18), and the analogous mean learning index values after dual-transcranial DCS were 52% and 51%, respectively. Thus, behaviourally, there was no major impact of the experimental modifications specific to the current study (e.g. supine position without direct visual feedback of the paretic hand, in the scanner environment during the retention session, and the addition of the Replay and Easy conditions).
It is worth noting that the brain activation related to visual-visuomotor processes (Replay) 1 week after the interventions was similar in both series and did not correlate with skill performance. Thus, the Replay condition did not participate directly in motor skill retention (e.g. through rehearsal or by acting with additional feedback), which justifies its subtraction from the activation data during motor skill performance (Learning).
The less efficient 1-week retention of the learned motor skill after the sham intervention was associated with extensive recruitment of both hemispheres and prominent involvement of M1 undamH ; which might be interpreted as compensatory based on the positive correlation with motor skill retention. By contrast, the highly focused functional MRI pattern observed after dual-transcranial DCS tended towards normalization with lesser activation in both hemispheres. It is particularly interesting to note that for PMd damH , the ANOVA and the predefined regions of interest analysis showed more widespread activation 1 week after sham compared to dual-transcranial DCS whereas the other regions of interest analyses revealed another activation peak 23 mm away in PMd damH , which activation was more intense 1 week after dual-transcranial DCS and correlated with retention, suggesting a key role for PMd damH in the efficient long-term retention of motor skills learned with a paretic limb. This is the first study to unveil specific functional MRI activation supporting longterm retention of a motor skill learned with dual-transcranial DCS facilitation. As dual-transcranial DCS was applied 1 week before the functional MRI retention session, the brain activation patterns cannot be attributed to neuronal or vascular after-effects of transcranial DCS (Stagg et al., 2012) . Several hypotheses may explain this overall lesser activation found 1 week after dual-transcranial DCS compared to sham such as diminished need for sensory feedback processing, online error correction and/or attentional resources once the skill is learned, or enhanced neural efficiency, but the present experiment was not designed to explore this issue. Whichever the precise mechanisms, the combination of motor skill learning and dual-transcranial DCS in the present study durably shaped the activation of the motor network for at least 1 week as this combination resulted in lesser bilateral functional MRI activation supporting superior motor skill retention compared to sham.of synaptic strength in the motor cortex, which may be particularly important in the context of motor learning (Stagg and Nitsche, 2011) . First, dual-transcranial DCS may have normalized deregulated interhemispheric interactions, which interfere with paretic hand performance and can be corrected by transcranial DCS (Murase et al., 2004; Bolognini et al., 2011) . Second, it is unlikely that the effects of dual-transcranial DCS were focused under the electrodes. Rather, direct current had likely spread and could have activated a much larger network, resulting in changes beyond the effects of anodal transcranial DCS on M1 damH and of cathodal transcranial DCS on M1 undamH (Lindenberg et al., 2013; Sehm et al., 2013) . Third, because the current's direction is different in the dual M1-M1 montage compared with the 'classical' montage (one electrode over M1 and the other over the prefrontal cortex on the contralateral forehead), other cortical neuronal populations may have been modulated by dual-transcranial DCS, driving the observed effects. Recently, O'Shea et al. (2004) demonstrated that the classical montage was superior to dual-transcranial DCS for (i) modulating corticospinal excitability in healthy individuals; and (ii) enhancing simple reaction time in chronic stroke patients. However, applying dual-transcranial DCS in chronic stroke patients Bolognini et al., 2011) enhanced neurorehabilitation compared to sham. Similarly, we already demonstrated enhanced fine motor control of the paretic hand (Lefebvre et al., 2013b) as well as online motor skill learning and 1-week retention (Lefebvre et al., 2013a) . From these findings, dual-transcranial DCS appears to be efficient in chronic stroke patients. Furthermore, Waters-Metenier et al. (2014) recently demonstrated that dual-transcranial DCS was also very efficient to enhance complex motor skill learning in healthy individuals, including generalization. The apparent discrepancy between these results and those by O'Shea et al. (2004) might be attributed to several factors: (i) difference in task complexity and motor engagement (simple reaction time cannot be compared with complex motor skill learning or neurorehabilitation training); (ii) difference in transcranial DCS parameters; (iii) overlooked effect of the direct current flowing in the prefrontal cortex in the classical montage; and (iv) potential-yet to be explored-mechanisms specific to dual-transcranial DCS. Future studies should compare the impact of dual and classical transcranial DCS montages on complex tasks and neurorehabilitation.
Behavioural and neurophysiological transfers 1 week post-intervention
We observed two types of transfer: (i) a behavioural improvement on an untrained dexterity task; and (ii) an improvement of the functional MRI pattern underlying simple movements even in the absence of a performance difference. First, the improvement of the learned motor skill facilitated by dual-transcranial DCS transferred to improvement of general paretic hand's dexterity as evidence by performance in an untrained motor task (the Purdue Pegboard Test). The former type of behavioural transfer following NIBS has been associated with increased functional MRI activation in the damaged hemisphere during performance of a generic (untrained) motor task in previous studies Nair et al., 2011; Yamada et al., 2013) . Such a transfer of behavioural enhancement to an untrained dexterity task 1 week after dual-transcranial DCS is very promising for neurorehabilitation. Motor skill learning boosted by dual-transcranial DCS could reshape activity in the motor system enduringly and lead to more efficient recruitment of neural resources.
In the latter form of transfer, a striking change of brain activation pattern was observed in the absence of behavioural difference. During the retention functional MRI sessions, the stroke patients performed simple untrained movements with the paretic upper limb, without a SAT constraint (Easy). One week after the intervention, the kinematic parameters of these simple back and forth movements did not differ between the sham and dualtranscranial DCS series. However, after the sham intervention, activation was more widespread (and thus likely less efficient), especially in the premotor-motor areas, compared to that observed in the dual-transcranial DCS series. As the Easy condition was interleaved with the performance of the learned motor skill, we cannot conclude whether this activation pattern change (i.e. a much focused activation pattern in the absence of a behavioural difference) was independent of the practice of the learned motor skill. Two different, but equally interesting, mechanisms could explain this observation. The most optimistic interpretation is that learning a complex visuomotor skill with concurrent dual-transcranial DCS shapes the motor system in such an efficient and lasting way that, subsequently, even simple and untrained movements are performed with a less widespread activation pattern, suggesting lesser neural activation. The most restrictive interpretation would be that reperforming the motor skill acquired with dualtranscranial DCS facilitation primes the current activity of the motor system and enhances its efficiency, even for untrained movements. Either mechanism is promising but entails different implications for implementation in neurorehabilitation. It has to be acknowledged that these interpretations are speculative and that more work is needed before implementing transcranial DCS in routine clinical practice, determining whether patients with a cortical or subcortical stroke would equally respond, etc.
Neural substrates underlying the enhancement of continued motor skill learning after intervention
This study is the first to explore continued motor skill learning 1 week after NIBS. One week after the sham intervention, six of the hemiparetic stroke patients did not achieve continued learning (non-learners). In striking contrast, 1 week after dual-transcranial DCS, there were only three non-learners. The amount of continued motor skill learning was superior 1 week after dual-transcranial DCS compared to that of the sham intervention, although the rate of continued motor skill learning did not differ. Hence, the advantage yielded by dual-transcranial DCS since the first block of motor skill learning persisted 1 week later, which is obviously appealing for neurorehabilitation. For example, if applying dual-transcranial DCS during motor skill learning on Monday could enhance neurorehabilitation and continued skill learning for the rest of the week, then weekly transcranial DCS treatments would be easier to organize than daily sessions. However, it would first need to be demonstrated that such a 'dual-transcranial DCS priming' regimen is as effective as daily sessions during motor skill learning/neurorehabilitation. This study is also the first to explore the neural substrates supporting continued motor skill learning after NIBS in stroke patients. In sharp contrast to the widely distributed activation observed after the sham intervention, 1 week after dual-transcranial DCS, efficient continued motor skill learning was supported by a less widespread network focused on the damaged hemisphere, which resembled the activation pattern observed in healthy individuals (i.e. M1 damH , SMA damH , PMd damH , and the contralesional cerebellum). Moreover, a significant correlation between activation and performance was found exclusively in PMd damH 1 week after dual-transcranial DCS, compared to the numerous significant correlations observed after sham (M1 damH , M1 undamH , PPC damH , PPC undamH, IPC damH , and S1 damH ). These differences suggest that the less efficient continued motor skill learning after the sham intervention required a larger amount of bilateral neural resources. As the after-effects of dual-transcranial DCS are unlikely to persist for an entire week, such long-lasting enhancements suggest that a (durable) modification of synaptic and neural activity had consolidated in the motor network after dualtranscranial DCS. One can thus safely infer that it is precisely this lasting enhancement of brain activation (i.e. the trend towards normalization of the functional MRI pattern and recruitment of PMd damH ), which supported more efficient continued learning 1 week after dual-transcranial DCS.
Limitations
The current experiment has several limitations. First, the sample of patients with hemiparetic chronic stroke was relatively heterogeneous, as in several other recent studies (O'Shea et al., 2004; Lindenberg et al., 2010; Bradnam et al., 2012; Stagg et al., 2012) . However, we think this apparent weakness might be considered as strength (generalization) when considering the implementation of transcranial DCS in clinical neurorehabilitation settings with a diversity of stroke patients.
Second, before implementing NIBS in standard neurorehabilitation, larger multi-centre trials should be performed. The number of stroke patients recruited in the current experiment compares fairly with previous studies.
Third, it has to be acknowledged that the subgroups of patients who achieved continued learning 1 week postintervention were not identical between the dual-transcranial DCS and sham series. Indeed, some patients could not achieve continued motor skill learning and were thus excluded from the analysis as non-learners (three after dual-transcranial DCS, six after the sham intervention). Despite this limitation, the striking focusing of functional MRI activation during continued motor skill learning after dual-transcranial DCS suggests that the more efficient recruitment of neural resources lasted at least 1 week.
Fourth, a previous study reported that transcranial DCS targeting M1 exclusively in the damaged (anodal) or undamaged (cathodal) hemisphere improved simple reaction time task in chronic stroke patients whereas dual-transcranial DCS failed to do so (O'Shea et al. 2004) . Furthermore, cathodal transcranial DCS over the undamaged hemisphere can worsen residual function of the paretic upper limb in severely impaired stroke patients (Bradnam et al., 2012) . In contrast to these experiments that used relatively simple motor tasks, in the current experiment and in previous ones (Lefebvre et al., 2013a, b) , we used challenging motor tasks and found consistent enhancement of digital dexterity and motor skill learning with dual-transcranial DCS in a large number of chronic stroke patients with mild to moderate hemiparesis (modified Rankin Scale 0-4, NIHSS 0-7), with worsening of neither the paretic nor non-paretic upper limb. Future studies shall aim to compare different transcranial DCS protocols in stroke patients formally using challenging motor tasks and to identify surrogate markers of responsiveness, such as markers based on the lesion burden of the corticospinal tract Rosso et al., 2013) or magnetic resonance spectroscopy (O'Shea et al. 2004) .
Fifth, this study has several statistical limitations. The thresholds used for the functional MRI analyses were voluntarily liberal (P uncorrected 5 0.05). This is because of several factors intrinsic to this type of study in stroke patients. High variability derives from the recruitment of a heterogeneous patient's cohort with different lesions along the corticospinal tract and a residual motor function ranging from good to moderate. The high variability due to the lesions location and extend also induced variability in the blood oxygen level-dependent response explaining the choice of the liberal threshold to explore the data. Nevertheless, we performed a random-effect group analysis at the whole-brain level to isolate all the areas we described. This allows a generalization of our observations to the majority of chronic hemiparetic stroke patients. In addition, the whole-brain ANOVA unambiguously demonstrated that there were differences between the retention sessions after dual-transcranial DCS compared to sham for the Easy and Learning conditions. Finally, we used the regions of interest analyses to explore the individual contribution of each patient to the whole-group pattern and to perform correlation analyses with behaviour, showing highly consistent data across all types of analyses.
General conclusion
The combination of motor skill learning and dual-transcranial DCS resulted in lasting enhancements of paretic upper limb function in chronic stroke patients, both in the form of improvement specific to the learned motor skill benefit and of generic enhancement (transfer). The enhancement specific to motor skill learning was supported by a (relative) normalization of the brain activation 1 week after dual-transcranial DCS (i.e. compared to sham, less activation in the undamaged hemisphere and a focusing in the damaged hemisphere, especially in PMd damH ). Thus, dualtranscranial DCS combined with motor skill learning gave rise to a durable modification of brain activation pattern in stroke patients, which resulted in enhanced retention and continued motor skill learning.
The generic enhancement driven by dual-transcranial DCS benefitted both dexterity of the paretic hand on an untrained task (behavioural transfer) and less widespread brain activation pattern when performing simple, untrained movements with the paretic limb. It remains an open question as to whether these generic enhancements resulted from a lasting shaping of brain activation or from a priming of the motor system after performing the motor skill learned 1 week before during dual-transcranial DCS. Both interpretations are promising for neurorehabilitation but imply different approaches. Overall, the functional MRI patterns observed 1 week after the intervention tended towards a normalization of brain activation and an apparently adaptive recruitment of PMd damH , suggesting that dual-transcranial DCS combined with motor skill learning induced a prolonged shaping of brain activation.
